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[57] ABSTRACT 

A method and system for controlling the rate of fluid flow. 
A flow restrictor having known pressure drop and flow rate 
characteristics provided in a passage through which the 
fluid, preferably a gas, flows. An upstream pressure sensor 
determines the pressure of fluid in the flow passage upstream 
of the flow restrictor. A downstream pressure sensor deter- 
mines the pressure of fluid in the flow passage downstream 
of said flow restrictor. A pressure regulator adjusts the 
pressure of fluid upstream or downstream of the flow 
restrictor based on the pressure drop across the flow restric- 
tor so that the actual pressure drop across the flow restrictor 
closely corresponds to the pressure drop associated with a 
desired rate of fluid flow. 

23 Claims, 6 Drawing Sheets 
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FLUID FLOW CONTROLLING 
FIELD OF THE INVENTION 
This invention relates to fluid flow controlling and, more 5 
particularly, to systems and methods for controlling gas 
flow. 

BACKGROUND OF THE INVENTION 
There are many industrial and other applications in which 10 
it is necessary to measure and control the flow rate of fluids, 
particularly gases. Typically, gas flow is measured and 
controlled using volumetric flow devices such as turbine 
meters, rotometers, thermal mass flow rate control devices, 
or sonic gas velocity orifices. is 

The need for precision control is particularly acute in the 
semiconductor industry. Computer chip manufacturing 
requires exact control of various process fluids and gases, 
including but not limited to hydrogen, silane, helium, 
nitrogen, oxygen and argon. The current "state of the art" in 20 
the semiconductor industry utilizes a sophisticated gas deliv- 
ery system, often referred to as a gas panel incorporating 
"gas sticks", which includes a mass flow controller, a 
pressure transducer, a filter, control valves and a pressure 



pressure regulation rather than a control valve. A flow 
ictor having known pressure drop-flow rate character- 
istics is provided in a passage through which the fluid flows, 
the pressure drop across the flow restrictor is determined, 
and the pressure drop of the fluid flowing through flow 
restrictor is adjusted so that the actual pressure drop across 
the flow restrictor will closely correspond to the pressure 
drop associated with a desired flow rate. 

In preferred embodiments a pressure regulator adjusts the 
pressure of gas upstream or downstream of the flow restric- 
tor based on the pressure drop across the flow restrictor and 
with reference to data defining the pressure drop-flow rate 
characteristics of the flow restrictor, so that the actual 
pressure drop will closely correspond to the pressure drop 
associated with a desired rate of gas flow. 

In particularly preferred embodiments, the flow restrictor 
comprises a porous sintered metal element, an upstream 
pressure sensor determines and provides data indicative of 
the pressure of gas in the flow passage upstream of the flow 
restrictor, a downstream pressure sensor determines and 
provides data indicative the pressure of gas in the flow 
passage downstream of the flow restrictor, the data from the 
sensors is compared with data indicative of the desired rate 
of gas flow and the known data representing the pressure 
drop-flow rate characteristics of the flow restrictor, and the 



pressure transducer, a filter, control valves and a pressure uiuy-uuw u™^""^ — 7 :T'7™ 
regulator, all connected in series. The flow control portion of 25 system ^\\P t ^J%££* < and henC6 gaS 
«.„:,~™ v,,„. hi„h initial »nH maint,™,,™ costs. pressure) on the basis of the comparison. 



these systems have high initial 
require frequent calibration and s 

cies caused by electronic drift and span, and may result in 
inaccurate flow rates when very high or very low flow rates 
are required. 

In situations in which repeatability is more important than 
absolute accuracy, precision calibrated orifices have been 
used to provide a constant calibrated gas flow relative to gas 
supply pressure; if multiple fixed flow rates are needed, a 
number of orifices may be connected in parallel with each 
other with a switching mechanism for selecting the appro- 
priate orifice. However, the use of such orifices is normally 
limited to applications that require one or more constant, 
non-variable gas flows. Even in fixed flow applications 
where their use is otherwise satisfactory, such orifices 
require high gas velocities which cause excessive 
turbulence, erosion therefore and flow instability, and are 
subject to plugging. 

Precision porous sintered metal flow restrictors, (e.g., of 
the type manufactured and sold by Mott Corporation, the 
assignee of the present application and which have hundreds 
of interconnected through-pores or passages arranged both 
in parallel and series with each other) are also used to 
provide a specified down-stream flow relative to the applied 5Q g f 

upstream pressure. Such flow restnctors are less susceptible J^J^tJ^^JZ m W.W ^..ilrf Li* 



pressure) on the basis of the comparison. 

Fluid flow controllers embodying the invention comprise 
a fluid flow passage in which such a flow restrictor is 
positioned, and pressure sensors for determining the pres- 
sure of fluid flowing in the flow passage positioned both 
upstream and down stream of the flow restrictor. A pressure 
regulator responsive to the sensors adjusts the pressure of 
the fluid either upstream or downstream of the flow restrictor 
to provide a desired pressure drop across the flow restrictors. 

Preferred gas flow controllers have a pair of gas flow 
passages connected in parallel between the inlet to and outlet 
from the controller, the flow restrictor is positioned in one of 
the flow passages, and a valve opens and closes one of the 
flow passages to gas flow. 

Some preferred systems are of modular construction and 
include a plurality of stacked rectilinear modules. Typically 
one of the modules defines a by-pass flow passage and 
includes a control valve, others of the modules define a 
passage including the flow restrictor, and an ultra-high 
efficiency gas filter may be mounted in series with the flow 
restrictor. An electronics module including a memory stor- 
ing data representing the pressure drop-flow rate character- 
istics of the flow restrictor receives signals from pressure 
sensors and outputs a signal for controlling a 



upstream pressure. 

to plugging, clogging and wear than are conventional 
orifices, operate at relatively low flow velocities, and pro- 
vide a smooth and constant down-stream flow. Like orifices, 
however, their use has been limited to applications that 
require an essentially constant and non-variable flow. 

There remains a need for a system that, like a thermal 
mass flow controller, is capable of precisely measuring and 
controlling fluid flow over a range of flow rates and 
pressures, but that is more accurate over a wide range of flow 
rates, is less expensive, and that requires significantly less 
calibration, servicing and maintenance and is less suscep- 
tible to electronic drift and span. 

SUMMARY OF THE INVENTION 
The present invention features a method and system for 
controlling the rate of fluid, and particularly gas, flow which 



invention will appear from the following detailed descrip- 
tion of preferred embodiments thereof, taken in connection 
with the drawings. 

DESCRIPTION OF DRAWINGS 
FIG. 1 is a schematic illustration, partially in section, of 
a flow control system embodying the present invention. 

FIG. 2 is a graphical representation of the relationship 
between gas flow and pressure drop in the system of FIG. 1. 

FIGS. 3, 4, 5 and 6 are schematic Ulustrations, partially in 
section, of other flow control systems embodying the present 



DESCRIPTION OF PREFERRED 
. EMBODIMENTS 

FIG. 1 shows a flow control system, generally designated 
10, including a gas flow control module 12 connected in 
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series between an upstream pressure sensor 14 and a down- 
stream pressure sensor 16. In an alternative design, pressure 
sensors 14 and 16 are not part of gas flow control module 12 
but are mounted in close proximity to inlet 22 and outlet 24, 
respectively. Gas from a source 18 flows into system 10 
through a pressure regulator 20. The pressure regulator is 
adjustable to control the pressure of the gas flowing into the 
gas flow control module 12. 

Flow control module 12 has an inlet 22, an outlet 24, a 
flow passage 26 extending between the inlet and outlet, and 
a porous sintered metal flow restrictor 28 mounted in the 
flow passage 26. A shutoff valve 30 is also provided in the 
flow passage. As shown, shutoff valve 30 includes a valve 
actuator 32 (e.g., a solenoid or driven pneumatic actuator) 
which controls the movement of a valve member 34 between 
a full open position in which the head of the valve member 
is spaced from a valve seat 36, and a closed position (not 
" n which the head of the valve member sits on the 



, _.n-linearly, with increasing pressure drops; for 

example, when the pressure differential across the flow 
restrictor is 20 PSI, the flow rate of nitrogen through the flow 
restrictor having the characteristics are illustrated in FIG. 2 
is about 60 SCCM, at a 30 PSI pressure differential it is 100 
SCCM, and at 40 PSI it is about 160 SCCM. It is also 
evident and well-known that, for any particular pressure 
drop, the amount of gas flowing through the flow restrictor 
depends on the overall pressure level. For example, for a 
3 given flow restrictor, the rate of gas flow (e.g., volume 
measured in standard cubic feet or liters per unit of time in 
minutes) through the restrictor at an inlet pressure of 100 
PSIG and an outlet pressure of 70 PSIG will be greater than 
the rate of flow when the inlet pressure is 30 PSIG and the 
5 outlet is at atmospheric pressure. 

The data that defines the pressure drop-flow rate charac- 
teristics of a particular flow restrictor for one or more fluids 
is referred to as the flow restrictors Flow Rate Control Data. 
As a practical matter, it is desirable that the design of, and 



shown) it 

valve seat 36 and closes the flow passage. In the illustrated 

embodiment, the valve member 34 is biased (e.g., by helical 20 the procedures used in the manufacture of, flow restrictors 

spring 38, or, alternatively, by a diaphragm or bellows type used in the present invention be well-defined so that the 

mechanism) towards its closed position, so that the valve 30 Flow Rate Control Data for different flow restrictors of the 

will automatically close in the event of failure of power to same design, overall size and configuration will be consis- 

actuator 32, designated as "normally closed". Valves an also tent. 

be designed to operate as "normally open" in the event of a ^ To control the rate of fluid flow through the system of 

power failure. FIG. 1, the pressures upstream and downstream of the flow 

Row restrictor 28 includes a porous sintered metal ele- restrictor 28 are monitored using pressure sensors 14, 16, the 

ment or porous sintered metal encapsulated assembly, difference between the upstream and downstream pressures 



secured in and spanning the entire width of the flow passage 
26. In the illustrated embodiment, the flow restrictor 28 is 
mounted adjacent to the outlet 24 of flow control module 12. 
The position of the flow restrictor 28 within the flow passage 
26 is not critical; alternatively the flow restrictor could be 
placed, for example, adjacent inlet 22 or in one of the short 
flow passage portions 26a, 26b closely upstream of or 
downstream from valve seat 36. 

It is well known that the rate of fluid, e.g., gas or liquid, 
flow through a porous sintered metal element depends on the 
pressures upstream of and downstream from the element; the 



is determined, and the pressure of fluid flowing from pres- 
! sure regulator 20 adjusted (either upwardly or downwardly, 
as required) so that the measured pressure drop across the 
flow restrictor 28 corresponds to the pressure drop required 
to produce the desired flow. Again using the exemplary data 
from FIG. 2, if the flow restrictor 28 of FIG. 1 has the Flow 
i Rate Control Data illustrated in FIG. 2, pressure regulator 20 
would be adjusted to provide a pressure drop of 20 PSI 
across flow restrictor 28 to atmosphere to produce a nitrogen 
flow of 60 SCCM, to provide a pressure drop of 30 PSI to 
atmosphere to produce a nitrogen flow of 100 SCCM, and to 



greater the pressure drop across the porous element the 40 provide a pressure drop of 40 PSI to atmosphere to produce 

greater the rate of flow through the element. Thus, the rate a nitrogen flow of 160 SCCM. 

of flow through an element can be increased by raising the In many circumstances, the pressure downstream of flow 

pressure drop, and can be decreased by lowering it. restrictor 28 will be greater than atmospheric pressure and 

Conventionally, the flow rate and pressure drop are varied by the pressure drop across the flow restrictor thus will be 

adjusting upstream pressure. 45 somewhat less than, rather than the same as, the outlet 

For any particular element, the precise relationship pressure of regulator 20\K, however, the outlet of the fluid 



between flow rate and pressure drop depends, not only 
the element itself, but also on the viscosity, density (if gas), 
and overall pressure of the particular fluid flowing through 
the element. For any particular fluid and pressure, the 
relationship between flow rate and pressure drop can be 
determined empirically to a high degree of accuracy (e.g., 
using precision volume meters and pressure gauges which 
are traceable to standards of the National Institute of Stan- 
dards and Technology). The relationship between pressure 
drop and fluid flow of a typical porous sintered metal flow 
restrictor is shown in FIG. 2. The data in FIG. 2 illustrates 
the flow charactstics, for hydrogen, helium, nitrogen, air, 
oxygen and argon, of a standard process control Mott 
Corporation Flow Restrictor that is nominally rated to 
deliver 100 SCCM (standard cubic centimeters per minute) 
of nitrogen at an inlet pressure of 30 PSIG and an outlet to 
atmospheric pressure, i.e., when the pressure drop across the 
flow restrictor is 30 PSI. As shown in FIG. 2, at any given 
pressure drop the flow of hydrogen and helium will be 
greater than, and the flow of air, oxygen and argon will be 
less than, that of nitrogen. The flow rate of any of these gases 



flow manager 12 is sufficiently open so that the pressure 
downstream of flow restrictor 28 is substantially equal to 
atmospheric pressure, the pressure drop across the flow 
50 restrictor 28 will be substantially equal to the gauge pressure 
indicated by inlet pressure sensor 14 (and also to the outlet 
pressure of regulator 20). In these circumstances it is pos- 
sible in some applications not to have or utilize a down- 
stream pressure sensor 16, and to control flow through the 
55 flow control system 10 simply by increasing the upstream 
pressure and assuming that the upstream gauge pressure is 
equal to the pressure drop across flow restrictor 28. In 
general, however, at the same differential pressure, higher 
system inlet and outlet pressures will result in increased flow 
60 through the restrictor. 

It will be appreciated that, using conventional powder 
metallurgy processing techniques, porous sintered metal 
flow restrictors can be made for a wide range of desired 
target flow rates, e.g., within 2% of a desired target flow at 
65 outlet pressures ranging from full vacuum to 100 or more 
PSI, by varying the size and/or structure of the porous metal 
element. Porous sintered metal flow restrictors can be indi- 



6,152,162 

5 « 

vidually calibrated to obtain tighter flow tolerances, e.g., alternative procedure, the gas flow from source 118 is not 

plus or minus 0.5% or better. For example, if the target flow controlled by an upstream pressure regulator such as regu- 

l 200 SCCM of a gas at a 30 PSI pressure drop, this may later 120. This alternative, and as should be apparent, the 

be accomplished either by using an element whose rate of gas flow through the gas flow control module :100and 

configuration, size and porosity are such that it has the same 5 also the pressure of gas dowr^teeam of flow estac tor 1*8, 

~~ 6 „ ' , „ d. i . ,, , „ . , . - mav be varied by opening and closing valve 12m. It, thus, 

Flow Rate Control Data as the element that lUustrated I m J J ^ £ * n6 ^ ^ ^ 

FIG. 2 except with twice the face area, or by making a ^ ^ ^ m fe less ^ mat 

thinner or more open element. Similarly, a target flow of 100 corresponding to the desired rate of flow, the rate of gas flow 

SCCM at 20 PSI may be accomplished using a thinner or ^ pressure ^p across) flow restrictor 128 may 

more open element or by using an element having the same 10 fee inaeastid by opening valve 120a. Similarly, closing valve 

Flow Rate Control Data but about 1.43 (100/70) times the jjOa ^qi boUj tne rate of gas flow through, and the 

face area, and a target flow of 50 SCCM at 30 PSI may be pressure drop across, flow restrictor 128. 

accomplished using a thicker or more closed element or an pj G 4 jjjustrates a flow control system, generally desig- 

element having half the face area. Flow restrictors having a nated 2 00. Whereas systems 10 and 100 provided a single 

variety of different rated flows at different pressures are 15 con trolled flow, system 200 provides two controlled flows 

commercially available. and also a by-pass flow. Portions of system 200 that corre- 

FIG. 3 illustrates a flow control system, generally desig- spond to portions of system 10 are identified using the same 

nated 100, that is generally similar to the system of FIG. 1 reference number, with a "2" prefix added; e.g., the gas flow 

except its valve controller controls by-pass flow rather than control system 10 is identified as gas flow control modute 

providing shutoff capability. The location of the flow restric- 20 12, while that of system 200 is identified as gas flow control 

tor in the FIG. 3 embodiment is more critical to the device's module 212. 

operation than is the case with the FIG. 1 system. Portions As shown, gas flow control ™^12 a sn^mto 

i . „ inn *,«» <,<>™„h f „ mrt ™ t of «,«tem 10 are 222, and three outlets, designated 224a, 224b and 224c. A 

added, "off" for preventing any flow through flow manager 200. A 

As shown, the system 100 of FIG. 3 mcludes a gas flow mam f 0 id system with four on/off control valves (not shown) 

control module 112 connected in series between an upstream ^ 0 f a four-way valve. One porous 

sensor 114 and a downstream pressure sensor 116. As with sintered ^tal flow restrictor 228a is mounted in the flow 

the design of FIG. 1, pressure sensors 114 and 116 may be ^ passage 2 26a leading to outlet 224a, and a second porous 

mounted in close proximity to inlet 122 and outlet 124, sintered metal fl ow restrictor 228b is mounted in the flow 

respectively, rather than being part of module 112. Gas from passage 226b that leads to outlet 224b. An upstream pressure 

source 118 flows into system 100 through a pressure regu- smga[ 2U ^ provjded between the inlet 222 to flow control 

later 120. module 212 and pressure regulator 220. Two downstream 

Gas flow control module 112 has an inlet 122, an outlet 35 pressure sensors 216a, 216b are provided, one adjacent to 

124, and a flow passage 126 extending between the inlet and eacn 0 f outlets 224a, 224b, downstream of flow restrictors 

outlet. As shown, the central portion of flow passage 126 228a and 228b. As will be appreciated, pressure sensors 214 

includes two parallel-connected flow passage portions, des- and 216a are used to measure the pressure drop across flow 

ignated 125 and 127. A porous sintered metal flow restrictor restrictor 228a, and pressure sensors 214 and 216b are used 

128 is mounted in flow passage portion 125. A shutoff valve n to measure the pressure drop across flow restrictor 228b. As 

130 is provided in flow passage portion 127. As shown, also will be appreciated, flow restrictors 228a and 228b may 

shutoff valve 130 includes a valve actuator 132 (e.g., a nave different pressure-flow characteristics; for example, 

solenoid or pneumatic actuator) which controls the move- g 0 w restrictor 228a may be selected to provide 200 SCCM 

ment of a valve member 134 between a fully open position at a 30 psi pressure drop at a particular outlet pressure while 

(not shown) in which the head of the valve member is spaced 45 now restrictor 228b is selected to provide 50 SCCM at either 

from a valve seat 136 and a closed position (shown) in which the same or a different pressure drop at the same or a 

the head of the valve member sits on the valve seat 136 and different outlet pressure. Thus, depending on the position of 

closes the flow passage portion 127. As will be evident, flow va j V6 230, outlet 224a may provide a controlled 200 SCCM 

passage portion 127 provides a by-pass flow in which flow output, outlet 224b may provide a controlled 50 SCCM 

from inlet 122 can pass, essentially unrestricted, to outlet J0 ollt p U t ; and the full output gas flow from pressure regulator 

124 when valve 130 is open. When, on the other hand, valve 220 may be obtained from outlet 224c. If a controlled 200 
130 is closed, all flow passes through flow passage portion SCCM output is required, valve 230 is set to direct flow 

125 and the flow restrictor 128 mounted therein. through outlet 224a and an operator (or the system 
When valve 130 is closed, the rate of gas flow through gas automatically) will monitor sensors 214 and 216a and adjust 

flow control module 112 is controlled by monitoring pres- 55 pressure regulator 220 to maintain a 30 PSI pressure drop 
sure sensors 114 and 116. In the embodiment of FIG. 1, and across flow restrictor 228a. If, on the other hand, a con- 
in the normally preferred practice with the gas flow control trolled 50 SCCM output is required, valve 230 directs flow 
module 112 of FIG. 3, the pressure drop across the flow through outlet 224b and the operator monitors se ™»»* > 14 



restrictor (as determined by the upstream and downstream and 216b and adjusts pressure regulator 220 to 

pressure sensors) is varied using a pressure regulator 120 60 then-desired pressure drop across flow restrictor 228b. It 

upstream of the upstream pressure sensor 114. will be noted that, depending on the particular flow restric- 

FIG. 3, however, also illustrates an alternative procedure. tors and desired flows, the Pressure of gas output fern, 

Inthisaltemativeprocedure.theupstreampressureregulator re ^ ator u ^° be ve ^^ 

120 may be omitted or replaced by a constraint outlet is through flow restrictor 22«a and outlet : 224a than when the 

y . . „ y ,-/- — « flow is through flow restrictor 228b and outlet 224b. 



pressure drive, a pressure flow regulator, e.g., an adjustable ~ 

flow control valve 120a (shown in phantom in FIG. 3), may FIG. 5 illustrates a fourth system, generally designated 
be mounted downstream of pressure sensor 116. In this 300, embodying the present invention. As shown, system 
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300 is modular construction and includes a gas flow control systems, the pressure sensors provide pressure signals to an 
module 312 consisting of a top module 302 with a flow automatic controller which in turn determines the pressure 
ratrictor 328 thereto mounted on top of the bottom flow drop(s) across the flow regulators) and controls a pressure 

seals 309 are provided where flow passages extend from one 5 pnwura. ux, ucaum ll w 

module into the other. As before, portions of system 3C» ^muTtr^Tfifth gas flow control system embody- 
corresponding to portions of piously disced systems ^ 6 rUustra * ^ m ^ ^ fc of 

are identrfied using the same reference numbers having the ^ which & additiona Uy includes a gas 

same two last digits, with a 3 prefix added. fl ow manager control system. Portions of system 400 which 

Top module 302 includes a through-drilled flow passage M> correspond t0 portions Q f sys tem 10 are identified using the 
326, and two cross-passages designated 305 and 307. Cross same reference numbers used in connection with system 10, 
passage 305 extends from the center of through passage 326 with the prefix "4" added. 

downwardly to the top of module 301. Cross passage 307 ^ illustrated, system 400 includes six stacked blocks or 
extends diagonally from the bottom of module 302 and modules: bypass valve module 401, restrictor and pressure 
intersects drilled passage 326 more closely adjacent the 15 sensor module 402, pressure control and sensor module 403, 
outlet end 324 of passage 326. In module 301, a generally filter module 404, electronics module 405, and input/readout 
u-shaped passage 323 communicates at one end with cross- module 406. Each module is generally rectilinear in shape, 
passage 305, and at its other end with second cross passage and the various modules are stacked, one above (or in the 
307 case of modules 403 and 404, also beside) another. Where 

™ • ~>"o ■ . * • *t,„ i„„„, ^w,™ „f 2° flow passages extend from one block into another, the 

Flow restnctor 328 is "^^^J 0 ^^ 0 ^ 0 / passages art sealed by metal seals or O-rings, e.g., rings 409, 
cross-passage 305, closely adjacent the top of «nodnto3M. P 8 ^ of me adjacent Wocks 

A three-way manual valve 330 is mounted at the mtersect on > £ fl m 

of passages 326 and 305. In tts fully closed position valve 422 at one end and a gs outlet 424 at the 

330 prevents through flow from inlet 322 to outlet 324, ^ other ** md a]s0 a pair of ^ ^ outlet flow passages 
either directly through passage 326 or through cross pas- ^ . ^ q each of which exte nds from through passage 
sages 305, 307. In a second position, valve 330 closes 42 i U p War dly to the top face of module 401. A 3-way valve 
passage 326 to through flow, but permits flow from the inlet 43fl fe moun ted in flow passage 421 at its intersection with 
portion 326-i of passage 326, through cross passage 305 and Met flow passage 40 i-i. in one position, valve 430 directs 
unshaped passage 323, and then through cross passage 307 ^ flow from inlet 422 directly to outlet 424, in a second it 
and the downstream portion 326-o of passage 326 to outlet directs the flow from inlet 422 into inlet-flow passage 401-i, 
324. In its third position, valve 330 permits flow through the ^ m i te third position the valve closes off flow from inlet 
drilled passage 326 while preventing flow through the cross 422. 

passages 30S, 307 and the u-shaped passage 323 in module ^ alternative design replaces 3-way valve 430 with a 
301. 3S shut off valve 432 (shown in phantom in FIG. 6) located in 

Alternatively, to valve 330 a manual on/off valve 332 passage 421 between inlet flow passage 401-i and outlet 
(shown in phantom in FIG. 5) may be mounted in passage flow passage 401-o. This alternative design allows flow 
326 after the intersection of passages 326 and 305 and before through the inlet passages 422, 401-i, 402-i, 403-i, 404-i, 
the intersection of passage 307 and 326. Valve 332 divides through flow restrictor 428, and through outlet passages 
flow passage 326 into two sections, inlet flow passage 326-i m 404-0, 402-O, 401-o and 424 when the valve 432 is fully 
and outlet passage 326-0. In its fully closed position, valve closed. When fully open, valve 432 allows bypass flow 
330 directs the gas flow from inlet 322 and flow passage through the flow passage 421 and also, typically at a lesser 
326-i, through flow passages 305 and 307, and then through rat e of flow, through the inlet passages 422, 401-i, 402-i, 
flow passage 326-0 to outlet 324. In its fully open position, 403-i, 404-i, through flow restrictor 428, and through outlet 
valve 330 allows a bypass flow by permitting flow directly 45 passages 404-O, 402-O, 401-O and 424. 
through drilled passage 326, and also permits flow (typically Restrictor and sensor module 402 is mounted on top of 
at a much lower rate of flow) through the cross passage 305 bypass valve module 401. Module 402 is stepped in longi- 
with restrictor 328, u-shaped passage 323 and passage 307 tudinal cross section; its thinner portion includes an inlet 
in modules 301 and 302. An additional on/off valve (not jj ow passage 402-i communicating at its lower end with inlet 
shown) may also be mounted in flow passage 326-i between 5Q fl ow passage 401-i of module 401; and its thicker portion has 
pressure regulator 320 and the intersection of flow passages an inlet flow passage 402-i, in which a porous sintered metal 
326-1 and 305 to provide positive shut off capability. g ow restrictor 428 is mounted, extending downwardly from 

Manual pressure regulator 320 is mounted between valve the top of module 402 and communicating with an outlet 
330 and the inlet to module 302. As in the previously flow passage 402-O that communicates at its lower end with 
discussed embodiments, inlet pressure sensor 314 monitors 55 outlet passage 401-i of module 401. A downstream pressure 
the pressure of gas upstream of valve 330 and flow restrictor sensor 416 is positioned in a tapped cross-bore that rnter- 
328, and downstream pressure sensor 316 monitors the sects the lower portion of inlet flow passage 402-1 below 
pressure of gas downstream of the valve and flow restrictor. flow restrictor 428 in position to sense the pressure of gas 

In the embodiments of FIGS. 1, 3, 4 and 5, the pressure downstream of the flow restrictor. 
sensors shown are conventional pressure gauges from which 60 Pressure regulator module 403 mcludes a through flow 
an operator may visually determine the particular pressure passage 423 including an inlet flow passage portion 403-1 
and thus obtain the data necessary to determine the pressure communicating at its lower end with passage 402-1 of 
drop across the relevant flow restrictor. Alternatively, con- module 402 and an outlet portion 403-O at the other end of 
ventional electronic pressure sensors, which provide an the module. A pressure regulator 420 is mounted m inlet 
analog or digital signal representative of the particular 65 flow passage portion 403-i, and an upstream pressure sensor 
pressure, may be used. Such electronic pressure sensors may 414 is provided in passage 423 downstream of pressure 
provide a printed or other visual output. In automated regulator 420. 



Filter module 404 includes an inlet flow passage 404-i 
communicating with outlet passage flow portion 403 -o of 
module 403, and an outlet flow passage 404-0 communi- 
cating with inlet passage 402-i of restrictor and sensor 
module 402. A cup-shaped, sintered porous metal ultra-high 
efficiency (e.g., 9 log reduction) filter 440 is provided 
between inlet flow passage 404-i and outlet passage 404-O. 
Filter 440 is of the general type illustrated by U.S. Pat. Nos. 
5,114,447 and 5,487,771 and in co-pending application Ser. 
No. 08/895,605, now U.S. Pat. No. 5,917,066, all of which 
are hereby incorporated by reference. As is known in the art, 
such 9 log filters are capable of removing 99.9999999% of 
the particles in an inlet process stream, determined at the 
most penetrating particle size which is typically about 0.1 
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Conn.), SSI Sintered Specialties (Janesville, Wis.) and 
Chand Associates (Worcester, Mass.). Porous sintered metal 
media such as those used by Pall Corp. and Millipore 
Corporation for high efficiency gas filters could be used for 
flow restrictors, particularly if additional processing were 
employed to control the density and flow properties more 
accurately than is typically required for filter applications. 
Other porous materials such as ceramics and plastics, high 
density foams, and foam/powder composites such as those 
o disclosed in co-pending U.S. Pat. application Ser. No. 
09/074,957 filed May 8, 1998 now U.S. Pat. No. 6,080,219 
(which is hereby incorporated by reference) also could be 
employed as the porous elements in flow restrictors. In the 
broadest sense, and as used in this application, the term 



Electronics module 405 includes a memory section 450 
containing the Flow Rate Control Data of restrictor 428, and multiplicity of pores or passages through which gas fl 
a comparator section 452 that receives data representative of suc jj mat> f or a particular gas and over a range of pressures, 
the inlet and outlet gas pressures sensed by pressure sensors me rate Q f gas fl ow through the structure depends on the 
414 and 416 and data representative of the desired flow rate ^ pressure drop across the structure and the pressure drop-flow 
from, for example, input/readout module 406, uses the Flow rate characteristics are well defined. 
Rate Control Data from memory section 450 to determine j t ^ be further appreciated that the scope of the present 
whether the actual flow rate is the same (within any permit- invention is not limited to the above-described 
ted tolerance) with the desired flow, and (if required) outputs embodiments, but rather is defined by the appended claims; 
a signal to increase or decrease (as required) the pressure ^ an( j mat mese claims will encompass modifications of and 
output by pressure regulator 420. improvements to what has been described. 

What is claimed is: 

1. A fluid flow controller comprising: 
a gas flow passage having an inlet and an outlet; 
a flow restrictor comprising a three-dimensional porous 

structure defining a through flow matrix including a 
plurality of pores and having known pressure drop-flow 
rate characteristics in which a plurality of pressure drop 
values across the restrictor correspond, respectively, to 
known flow rate values through the restrictor; 
a pressure sensor deterrnining the pressure of fluid in the 
flow passage upstream of or downstream from said 
flow restrictor; 
a memory containing data indicative of said known pres- 
sure drop-flow rate characteristics; and 
a regulator for adjusting the pressure of fluid in the flow 
passage wherein the pressure may be regulated to a 
known value and a known flow rate may be determined 
from the data in the memory, corresponding to the 
regulated pressure value. 

2. The fluid flow controller of claim 1 wherein said 
pressure sensor provides an electronic signal indicative of 
the pressure of fluid in the flow passage upstream of o 



Input/readout module 406 includes inputs (e.g., a key- 
board entry pad 454) for inputting the desired gas flow rate 
and, optionally, other inputs such as the type of gas, process 
cycle times and gas flow periods, so that an operator may 30 
visually monitor the operation. Module 406 also includes 
outputs (e.g., digital displays 456) which show process or 
flow related data including the real-time inlet and outlet 
pressures, the desired (or set) flow rate, and the actual flow 

In operation, the empirically determined Flow Rate Con- 
trol Data for the flow restrictor 428 and the specified process 
gas included in system 400 is loaded into the memory 
section of electronics module 406 by the user or, if the flow 
restrictor is that originally supplied, by the manufacturer of 40 
the system 400. Gas inlet 422 is connected to a source of 
process gas 418 and gas outlet 424 is connected to the inlet 
of the semiconductor manufacturing operation that requires 
the process gas. The user enters the desired flow rate, and 
perhaps other process data depending on the particular 45 
system, into module 406 using keyboard entry pad 454. A 
valve control sets 3-way valve 430 in the desired (off, 
controlled flow, by-pass flow) position. 

When valve 430 is set to direct flow in the controlled flow , 
mode, i.e., into system 400 through inlet 422, and then 50 downstream from said flow restrictor, a comparator ^relates 
through filter 440 and flow restrictor 428 to system outlet said electronic signal and data ,n said memory, and said 
424, upstream and downstream sensors 414 and 416 mea- 



424, upstream and downstream 
sure the gas pressures upstream and downstream of flow 
restrictor 428. The data from sensors 414, 416, together with 



;gulator is adjusted on the basis of said relation. 
3. The fluid flow controller of claim 2 wherein said first 
pressure sensor determines the pressure of fluid upstream of 



desired flow rate data from module Wfcsent to the 55 said flow -trictor^nd ^f^^pressure 



electronics module 405. Electronics module 405, in turn, 
continuously monitors the input data and continuously 
adjusts (as required) pressure regulator 420 to insure that the 
actual flow through the system precisely corresponds to that 
desired. 6 
Other Embodiments 

The flow restrictor used in the above-described embodi- 
ments is a porous sintered element of the type now being 
made and sold by, among others, Mott Corporation. It will 
be appreciated that other three-dimensional porous elements t 
also may be used. For example, porous metal flow restrictors 
are also manufactured by GKN Sinter Metals (Terryville, 



providing an electronic signal indicative of the pressure of 
fluid in the flow passage downstream of said flow restrictor, 
and wherein said comparator relates both of said electronic 
signals, and said data and said regulator is adjusted on the 
basis of the relationship of both of said signals and said data. 

4. The fluid flow controller of claim 3 wherein said 
regulator adjusts the pressure of fluid upstream of said flow 
restrictor. 

5. The fluid controller of any of claims 1-4 in which the 
fluid is a gas. 

6. A fluid flow controller comprising: 

a first fluid flow passage having an inlet and an outlet; 
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a first flow restrictor comprising a three-dimensional 
porous structure defining a through-flow matrix includ- 
ing a plurality of pores and having known pressure 
drop-flow rate characteristics positioned in said flow 
passage in which a plurality of pressure drop values 5 
across the restrictor correspond, respectively, to known 
flow rate values through the restrictor; 

an upstream pressure sensor for deteimining the pressure 
of gas in said flow passage upstream of said flow 
restrictor; and, 10 

a downstream pressure sensor for determining the pres- 
sure of gas in said flow passage downstream of said 
flow restrictor; 

wherein the pressure may be regulated to a known value 15 
and a known flow rate may be determined therefrom. 

7. A fluid flow controller comprising: 
a first fluid flow passage having an inlet and an outlet; 
a first flow restrictor comprising a three-dimensional 

porous structure defining a through-flow matrix includ- 20 
ing a plurality of pores and having known pressure 
drop-flow rate characteristics positioned in said flow 
passage in which a plurality of pressure drop values 
across the restrictor correspond, respectively, to known 
flow rate values through the restrictor; 25 
an upstream pressure sensor for determining the pressure 
of gas in said flow passage upstream of said flow 
restrictor; and, 

a downstream pressure sensor for determining the pres- ^ 
sure of gas in said flow passage downstream of said 
flow restrictor; 

a regulator for adjusting the pressure of gas flowing 
upstream of or downstream from said flow restrictor 
and thereby adjusting the flow rate to a known value 3S 
corresponding to the pressure value. 

8. The fluid flow controller of claim 6 including a second 
flow passage having an inlet communicating with said first 
flow passage upstream of said flow restrictor. 

9. The fluid flow controller of claim 8 wherein said second ^ 
flow passage is connected in parallel with the portion of said 
first flow passage in which said flow restrictor is positioned. 

10. The fluid flow controller of claim 9 including a valve 
provided in one of said first and said second flow passages, 
said valve being adjustable between a first position in which 45 
it permits flow through said one of said flow passages and a 
second position in which it blocks flow through said one of 
said flow passage. 

11. The fluid flow controller of claim 10 wherein said 
valve is in said first flow passage. 50 

12. The gas flow controller of claim 8 wherein a second 
flow restrictor is positioned in said second flow passage. 

13. The fluid flow controller of claim 12 including a 
second downstream pressure sensor for determining the 
pressure of fluid in said second flow passage downstream of J5 
said second flow restrictor. 

14. The gas flow controller of claim 12 including a third 
flow passage having an inlet communicating with said first 
flow passage upstream of said first and said second flow 
restrictois. 60 

15. The gas flow controller of claim 14 including a valve 
having a first position in which the valve blocks flow 
through said first flow resistor and said third flow passage, 
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a second position in which the valve blocks flow through 
said second and third flow passages, and a third position in 
which the valve permits flow through said third flow passage 
and blocks flow through said first flow resistor and said 
second flow passage, the valve being adjustable between 
said first position, said second position and said third posi- 
tion. 

16. The flow controller of any of claims 6-10 wherein the 
fluid is a gas. 

17. A fluid flow controller comprising a plurality of 
generally rectilinear modules, a first one of said modules 
defining a first fluid flow passage having an inlet and an 
outlet; and a second one of modules defining a second fluid 
flow passage having an inlet communicating with said first 
fluid flow passage and having positioned in said second flow 
passage a flow restrictor comprising a three-dimensional 
porous structure defining a through-flow matrix including a 
plurality of pores and having known pressure drop-flow rate 
characteristics in which a plurality of pressure drop values 
across the restrictor correspond, respectively, to known flow 
rate values through the restrictor; 

an upstream pressure sensor in one of said modules for 

determining the pressure of fluid in a said flow passage 

upstream of said flow restrictor; and 
a downstream pressure sensor in one of said modules for 

determining the pressure of fluid in said flow passage 

downstream of said flow restrictor 
wherein the pressure maw be regulated to a known value 

and a known flow rate may be determined therefrom. 

18. The fluid flow controller of claim 17 wherein said 
second fluid flow passage is connected in parallel with said 
first fluid flow passage and has an outlet communicating 
with said first fluid flow passage. 

19. The gas flow controller of claim 17 wherein said first 
one of said modules includes a valve that is adjustable 
between a first position in which it permits flow through said 
first flow passage and blocks flow through said second flow 
passage and said flow restrictor and a second position in 
which it permits flow through said second flow restrictor and 
blocks flow through said second flow passage. 

20. The fluid flow controller of claim 19 including an 
electronics module including a memory section including 
data indicative of the known pressure drop-flow rate char- 
acteristics of said flow restrictor. 

21. The fluid flow controller of claim 17 wherein a third 
one of said modules defines a third fluid flow passage having 
an inlet communicating with said first fluid flow passage and 
an outlet communicating with said third gas flow passage, 
and including a high efficiency filter positioned in said third 
fluid flow passage. 

22. The fluid flow controller of claim 21 wherein said 
filter comprises a porous sintered metal nitration element. 

23. The fluid flow controller of claim 17 wherein one of 
said modules includes inputs for receiving from said 
upstream and downstream sensors signals that are represen- 
tative of the pressures of gas upstream and downstream of 
said flow restrictor, and an output for adjusting said pressure 
regulator in response to said signals and said data represen- 
tative of said known pressure drop-flow rate characteristics. 



